The paper presents a comprehensive review of the biomass equations for 65 North American tree species. All equations are of the form M = a@, where M is the oven-dry weight of the biomass component of a tree (kg), D is diameter at breast height (DBH) (cm), and a and b are parameters. Equations for the following tree components were included in the review: total aboveground biomass, stem wood, stem bark, total stem (wood and bark), foliage, and branches (wood and bark). A total of 803 equations are presented with the range of DBH values of the sample, sample size, coefficient of determination R2, standard error of the estimate, fitting method used to estimate the parameters a and b, correction factor for a bias introduced by logarithmic transformation of the data, site index and geographic location of the sampled stand(s), and a reference to the paper in which the equation (or the data) was published. The review is a unique source of equations that can be used to estimate tree biomass and/or to study the variation of biomass components for a tree species. 0 1997 Elsevier Science B.V.
Introduction
In the last few decades, considerable research effort has gone into estimating the biomass of individual trees and relating it to tree characteristics such as diameter at breast height (DBH), total height, etc. Biomass equations for individual trees have been produced in studies of forest production and its correlation with stand density (Baskerville, 19651 , in studies comparing biomass and production for individual tree species (Pastor and Bockheim, 1981) , and in studies on forest fuel estimation (Agee, 19831, etc. As a result, several different biomass estimation equations are reported in the literature for the same species.
Whenever there is a need to estimate the biomass of individual trees, the abundance of existing predictive equations provides an alternative to destructive sampling of trees for the purposes of developing local equations. However, the user has to rely on estimates developed for other sites that are most likely different from the conditions on their particular site. Several approaches have been suggested to circumvent this problem: (a) find the geographically closest site; (b) use several reported equations to estimate the range of biomass (T&ton and Hombeck, 1982) ; and (c> generate biomass data using various published equations and fit a new equation to the 0378-l 127/97/$17.00generated data (Pastor et al.. 1984) . Crow and Schlaegel (1988) provided a broad discussion of the application of biomass equations where several equations are available for a species.
Implementation of all three approaches, however, is hampered because the developed biomass equations are scattered across a large body of forestry literature. Many equations are published in internal reports and are presented in conflicting formats that complicate their comparison. Several previous reviews of biomass equations either need to be updated (Stanek and State. 1978) or were designed to suit local geographic needs (Gholz et al., 1979; Tritton and Hombeck, 1982) .
The objective of this paper is to present a comprehensive and consistent review of biomass equations for North American tree species. The review can be used to estimate biomass or as a base to study the cross-site biomass variation of an individual tree species.
Materials
This review includes equations of the form:
M=aD'
('1 where M is the oven-dry weight of the biomass component of a tree (kg). D is DBH (cm), and a and b are parameters. Although the literature on individual-tree biomass estimation provides a number of equations that either have a form different from Eq.
(1) or that include additional independent variables such as tree height, sapwood area, etc., Eq. (1) (often presented in the logarithmic form) is most frequently reported.
The popularity of Eq. (1) in the literature stems from the fact that it provides a good balance of accurate predictions and low data requirements; using the most commonly and easily measured variable in forest studies (DBH) . Addition of other tree variables, although statistically significant, does not usually lead to a substantial increase in R* or a decrease in SEE. For example, Freedman et al. (1982) noted that addition of total tree height (the second most common variabie used to predict biomass) accounted for such a small variation in weight beyond that accounted for by DBH that "the chance of committing an error by adding the height as a significant variable, when in fact it was not. was seldom less than 0.05". Similarly low gains from incfuding height were demonstrated by Peterson et al. (19701, Crovv (I97 1 ) , Ralston ( 1973) , Ker ( 1980a,b, 19841, Schmitt and Grigal (1981) , C row and Erdmann ( 19831. Hacker and Earley ( 19831, Ouellet (I 983) , Grigal and Kemik (I 984b) , Campbell et al. ( 1985>, and Harding and Grigal (1985) . Rest&s from studies using other variables (e.g. sapwood area, Baldwin (1989) , Bormann (1990) ; crown width and crown volume, Ker (1980a) , etc.) were inconsistent. We therefore decided to omit equations ot.her than Eq.
(1) from our review.
The review includes equations for: total aboveground biomass CAB), stem wood (SW), stem bark (SB), stem total (wood and bark) (ST), foliage (FL.). and branches (wood and bark) (BR). Some authors have also reported separate equations for finer components. e.g. for previous year's or older foliage (Bormann, 1990) , but the components listed above are the most commonly reported.
First, we searched the literature to collect as many equations of the same type as Eq. (I) as possible. Original papers were reviewed to verify the study region. the measurement technique, the number of trees sampled, the range of values of the independent variable (DBH). and the method used to fit the regression equation. Only equations fitted with data sampled in the original study were included in the review; we excluded "secondary" equations that were fitted with data generated from equations of i: form other than that of Eq. (1). Two exceptions were made as follows.
(a> Perala and Alban (1994) reported two relationships for some species: height versus DBH and biomass component versus DBH and height. Since both relationships were fitted with data from the same sample, we substituted the first relationship for the height term in the second relationship.
(b) Although not clear from their text, we believe that to obtain a set of additive equations, Young et al. (1980) first fitted equations for biomass components, then calculated the sum of biomass components predicted by those equations for a set of incremental DBH values, and fitted the equation for total aboveground biomass to the predicted total abovcground biomass values.
DBH sample range (D range)
An estimate is presented for several equations for which the authors did not provide a sample range for DBH. For equations by Wiant et al. (1977) and Young et al. (1980) the DBH sample range was estimated from the biomass tables presented in their papers; for equations by Whittaker et al. (1974) it was estimated from the DBH distribution of the stands sampled in their study. These estimates may, thus, exceed the actual sample range used for fitting the equations. Wiant et al. (1977) reported a sample size between 19 and 22 for all the species included in their study; a conservative estimate of 19 is used in Appendix A.
Sample size (N)

CoefJicient of determination (R2)
When necessary, the R2 values were calculated using the R or adjusted R2 values reported by the authors. It should be noted, that the R2 values in Appendix A are related to the regression method used to fit the parameters a, b in the original study. The reader should therefore check the Fitting method (Mtd) column before comparing the R2 values of equations for the same species.
3.5. Standard error of estimate (SEE) Whittaker and Woodwell (1968), Whittaker et al. (1974) Koerper and Richardson (1980) and Pastor and Bockheim (198 1) reported an error of estimate E calculated as an antilog of the standard error of estimate SEE; in these cases, SEE was calculated as ln,( E) or log i,,( E) depending on the fitting method used in the paper. As with R*, SEE is related to the regression method used to lit the original parameters, i.e. for equations fitted in the logarithmic form, SEE is given in corresponding logarithmic units.
Correction factor CC.&)
Application of a linear regression to the log-transformed data introduces a systematic bias when the predicted values are converted back to arithmetic units. To compensate for this bias, Baskerville (1972) suggested using a correction factor calculated as an antilog of one half of the sample variance, the latter being equal to the SEE squared. To obtain an unbiased estimate, the predicted biomass values should be multiplied by this correction factor. For consistency, all parameters a, b in the table specify raw (uncorrected) equations, including the equations from Gholz et al. (1979) and Snell and Little (1983) that are reported in a corrected form.
Site index (SI)
If provided in the source of equation, the site index is specified in Appendix A as the height (m) followed in brackets by the base age (years). The majority of the reviewed papers, however, had either none or little quantitative information about the sites sampled for tree biomass data. Denotations used for sites for which the authors provided a qualitative assessment are defined in Appendix A. It should be noted that for some species, Perala and Alban (1994) reported the basic equations and correction factors for specific sites; for these species, only parameters for the basic equation are included in Appendix A.
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Appendix A. Individual tree biomass equations of the form M = uDb, where D is the diameter at breast height (cm), and M is the aboveground biomass component (kg of oven-dried weight)
For each equation, the table includes parameters a and h, DBH sample range (D range) (cm), the sample size ( N), coefficient of determination CR'), standard error of estimate (SEE), fitting method (Mtd) used to estimate parameters a and b, correction factor (C.f.) for a bias introduced by logarithmic transformation of the data, site index 61) of the sampled stand(s) specified as the height (m) followed in brackets by the base age (years), geographic location (Region) of the sampled stand(s). and a reference to the paper (Author) in which the equation (or the data) was published; If missing, the corresponding column indicates n/a (not available). The following denotations are used.
1. Biomass components (M): AB for total aboveground biomass; SW for stem wood; SB for stem bark; ST for total stem biomass (wood + bark); FL for foliage biomass; BR for total biomass of branches (wood + bark). Where the first column is blank, the line refers to the last specified biomass component.
2. Fitting method (Mtd): abs or absw for equations fitted with a nonlinear or weighted nonlinear regression, respectively; In or log for equations fitted using linear regression applied to log,-or log,,-transformed data, respectively; talc for equations calculated from two or more equations (see Section 2).
3. n/a n/a n/a n/a n/a n/a n/a n/a n/a Ker, 1980a Perala and Alban, 1994 Hacker and Earley, 1983 Ker, 1980a Hacker and Earley, 1983 Ker, 1980a Perala and Alban, 1994 Hacker and Earley, 1983 Ker, 1980a Nova Campbell et al., 1985 Campbell et al., 1985 Campbell et al., 1985 Campbell et al.. 1985 Freedman et al., 1982 Johnston and Bartos, 1977 b Ker, 1980b Ker, 1984 MacLean and Wein, 1976 Pastor and Bockheim, 1981 Perala and Alban, 1994 Peterson et al., 1970 Young et al., 1980 Freedman et al., 1982 Johnston and Bartos, 1977 b Ker, 1980b Ker, 1984 Pastor and Bockheim, 1981 '% n/a 31 n/a n/a talc n/a 31 n/a n/a talc n/a 31 n/a n/a talc n/a 5 0.984 0. Ker, 1980a Whittaker et at., 1974 Ker, 1980a Whittaker et al., 1974 Hacker and Earley, 1983 Ker, 1980a Ribe, 1973 Whittaker et at.. 1974 Young et al., 1980 Hacker and Earley, 1983 Ker, 1980a Ribe, 1973 Young et al., 1980 Hacker and Earley, 1983 Ker, 1980a Ribe, 1973 Whittaker et al., 1974 Young et al.. 1980 Brenneman et al., 1978 Hacker and Earley, 1983 Hacker and Earley, 1983 Hacker and Earley. 1983 Ker, 198Ob Young et al., 1980 Ker, 1980b Ker, 1980b Hacker and Earley, 1983 Ker, 1980b Ribc, 1973 Young et al., 1980 Hacker and Earley, 1983 Ker, 1980b Ribe, 1973 Young et al., 1980 Hacker and Earley, 1983 Ker, 1980b Ribe, 1973 Young et al., 1980 Baskerville, 1965 Freedman et al., 1982 Ker, 1980b Ker, 1984 MacLean and Wein, 1976 Perala and Alban, 1994 Schmitt and C&gal, 1981 Young et al., 1980 Baskerville, 1965 Freedman et al., 1982 Ker, 1980b Ker, 1984 n/a n/a camp 1.010 n/a n/a n/a 1.020 n/a n/a n/a 1.010 n/a n/a camp 1.040 n/a 1.107 n/a n/a camp 1.050 n/a n/a camp Feller, 1992 Feller, 1992 Feller, 1992 Feller, 1992 Brown, 1978 b Brown, 1978 b Feller, 1992 Feller, 1992 Brown, 1978 b Feller, 1992 Feller, 1992 n/a n/a n/a 1.143 1.077 1.050 n/a n/a n/a camp n/a n/a n/a n/a n/a camp n/a n/a n/a n/a camp n/a good 1965 Freedman et al., 1982 Honer, 1971 ' Ker, 1980b Perala and Alban, 1994 Freedman et al., 1982 Ker, 1980b Ker, 1984 MacLean and Wein, 1976 Young et al., 1980 Baskerville, 1965 Freedman et al., 1982 Honer, 1971 ' Ker, 1980b Ker, 1984 Perala and Alban, 1994 Young et al., 1980 Baskerville, 1965 Freedman et al., 1982 n/a n/a n/a n/a camp 0. n/a n/a n/a n/a Young et al., 1980 Freedman et al.. 1982 Ker, 1980a Pastor and Bockheim. 1981 Pera'a and Alban, 1994 Whittaker et al., 1974 Freedman et al., 1982 Ker, '98Oa Pastor and Bockheim, 198 I Perala and Alban, 1994 Whittaker et al., 1974 Freedman et al., 1982 Hacker and Earley, '983 Ker, '980a Ribe, 1973 Whittaker et al.. 1974 Young et al., 1980 Bickelhaupt et al., 1973 g Bickelhaupt et al., 1973 h Freedman et al., 1982 Hacker and Earley, 1983 Ker, '980a Ribe, 1973 In n/a n/a n/a n/a 22 (45) 22 (45) n/a n/a n/a n/a n/a n/a camp n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a camp n/a n/a New Brunswick 0.850 n/a log n/a n/a New Brunswick n/a n/a talc n/a n/a Upper Great Lakes n/a n/a talc n/a camp Maine 0.976 0.243 In 1.030 n/a New Brunswick n/a n/a talc n/a n/ Crow, 1971 Ker. 198Ob Ker. 1984 Perala and Alban. 1994 Ker, l980b Perala and Alban. 1994 Hegyi. 1972 Ker, l980b Ker. 1984 MacLean and Wein. 1976 Hegyi, 1972 Ker. 1980b Ker. 1984 Perala and Alban. 1994 crow. 1971 Kcr. 1980b Ker, 1984 In Ralston. 1973 Baldwin, 1989 ' Ralston, 1973 Baldwin, 1989 ' Ralston. 1973 Idaho, Montana Brown, 1978 !' Colorado Gholz et al., 1973 Idaho, Montana Brown, 1978 ' Colorado Ghoiz et al.. I979 Idaho, Montana Brown, 1978 ' Colorado Gholz et al., 1979 New York Gholz et al., 1979 Gholz et al., 1979 Brown. 1978 " Brown, 1978 ' Cochran et al., 1984 I n/a n/a n/a n/a n/a camp n/a n/a n/a 6.800 abs n/a n/a n/a camp n/a camp Baskerville, 1965 Freedman et al., 1982 Harding and Grigal, 1985 Ker, 1980b Ker, 1984 73 n/a n/a talc n/a 14 0.941 n/a log n/a 24 0.874 0. n/a n/a n/a camp n/a camp Perala and Alban. 1994 Baskerville, 1965 Freedman et al., 1982 Harding and Grigal, 1985 Ker, 1980b Ker, 1984 181 n/a n/a talc n/a 181 n/a n/a talc n/a 30 0.91 I n/a IO& n/a 30 0.955 n/a In c'ilc n'a 167 n/a n/a n/a 30 0.673 n/a log n/a 30 0.813 n/a In n/a 30 0.767 n/a 'OE n/a 30 0.874 n/a In n/a 
